Abstract. In this study, a cellular surface membrane protein of immunoglobulin (Ig) superfamily (IgSF) was identified from a human dendritic cell (DC) cDNA library by largescale random sequencing, which is identical to previously reported Tim-3 (T-cell Ig-and mucin-domain-containing molecule 3). Recent data have suggested the association of the 281-residue mouse Tim-3 molecule with Th1-related T cell responses and disease in mice. Human Tim-3 is a 301-residue type I membrane protein whose extracellular region contains a Cys-rich Ig-like domain and a mucin domain, the characteristics of Tim proteins. It shows significant homology to human hepatitis A virus (HAV) cellular receptor-1 (HuHAVcr-1)/Tim-1. Human Tim-3 mRNA was highly expressed in monocytes or monocyte-derived cells, and the expression level decreased when DC underwent maturation and activation. There is no previous report on the biological functions of human Tim-3, especially the involvement in virus infection. We demonstrated that HeLa cells, which are refractory to HAV infection, acquired a limited susceptibility to HAV infection after stably overexpressing human Tim-3 as confirmed by Western blot analysis using anti-Tim-3 antibody, but Tim-3-Fc fusion protein had no direct HAV-binding activity. The results indicated that human Tim-3 can promote HAV entry into target cells but itself may not function as a cellular receptor of HAV.
Introduction
HAV (hepatitis A virus), the causative agent of hepatitis in human, produces substantial morbidity and mortality, with an estimated 125,000-200,000 infections occurring each year (1) . HAV is an atypical member of the Picornaviridae, and is the only member of the hepatovirus genus of the Picornaviridae, a family of small, nonenveloped, positive-strand RNA viruses that include human pathogens such as poliovirus (PV) and rhinovirus as well as animal pathogen such as foot-and-mouth disease virus and encephalomyocarditis virus (2) . Most wildtype strains of HAV do not grow in cell culture; however, attenuated variants that grow efficiently in primate cell culture have been isolated on serial passaging of the virus (3) (4) (5) . HAV has also been adapted to grow in guinea pig, pig, and dolphin cell culture, indicating that the cellular factors required for HAV replication are not restricted to primates (6, 7) . Like other picornaviruses, the first step in the life cycle of HAV is its interaction with a cellular receptor that allows it to enter the cells. Using the protective monoclonal antibody 190/4 as a probe, Kaplan et al identified the HAV cellular receptor-1 (HAVcr-1) in African green monkey cells as a receptor of HAV (8, 9) . Later, the same research group proved the existence of human homologue of HAVcr-1. It was named HuHAVcr-1, which is the first identified attachment and cellular receptor of HAV in humans. HuHAVcr-1 encodes a polypeptide of 359 amino acids, with typical features of type I integral-membrane glycoprotein (10) . The extracellular domain of HuHAVcr-1 contains an N-terminal cysteine-rich region, which shares homology to members of the immunoglobulin superfamily (IgSF), followed by a threonine-, serine-, and proline-rich (TSP-rich) region, which is characteristic of O-glycosylated mucin-like glycoproteins. The N-terminal cysteine-rich region is sufficient for binding and neutralization of HAV (11) .
HuHAVcr-1 is also called human Tim-1, which belongs to the T-cell immunoglobulin-and mucin-domain containing molecule (Tim) protein family. Tim proteins are mainly expressed on T cells and characterized by a conserved set of immunoglobulin and mucin domains. McIntire et al originally identified a Tim locus conferring susceptibility to mouse allergen-induced airway hypersensitivity (12) and found remarkable numbers of sequence polymorphisms within human Tim-1/HuHAVcr-1. The human homologue of Tim- 2 has not yet been identified. Mouse Tim-3 was identified in a screen for Th1 cell-reactive monoclonal antibodies as a Th1 cell-specific surface protein (13) . It has been shown that mouse Tim-3 is involved in the interactions between Th1 cells and macrophages, which results in the expansion and activation of macrophages. As a homologue of mouse Tim-3, (14) (15) (16) . One of the full-length cDNAs encodes a 301-residue type I integral membrane glycoprotein. The extracellular domain of the novel molecule consists of an N-terminal cysteine-rich region with homolog to members of the immunoglobulin (Ig) superfamily (IgSF). Blast search revealed that the membrane molecule is identical to the previously reported human Tim-3, and also shares 57% homology with HuHAVcr-1/Tim-1. Therefore, we speculated that this membrane molecule might be another receptor for HAV. While our experiments showed that this membrane molecule did not bind to HAV, suggesting it was not a receptor for HAV, it was able to promote HAV entry into target cells. These data indicate that human Tim-3 might act as a cofactor to promote HAV entry into target cells, but itself may not function as a cellular receptor of HAV.
Materials and methods
Cell lines and culture. The cell lines were obtained from ATCC. All cell lines were maintained in RPMI-1640 (Hyclone) or Dulbecco's modified Eagle's medium (Hyclone) supplemented with 10% fetal calf serum (Hyclone) as recommended. Human dendritic cells (DCs) were generated from human peripheral monocytes by culturing with GM-CSF (50 ng/ml) and IL-4 (10 ng/ml) (Sigma) as described previously (15, 16) . After 6 days of culture, DC were harvested for subsequent experiments. For detection of inducible expression pattern of human Tim-3, human immature monocyte-derived DC were treated with LPS (1 μg/ml, Sigma), CpG-containing oligonucleotides (30 μg/ml), IFN-ß (100 U/ml, R&D) or TNF· (10 ng/ml, Peprotech) for 12 h.
Large-scale sequencing of a human DC cDNA library and isolation of full-length human Tim-3 cDNA. By large-scale sequencing of a human dendritic cell cDNA library as described previously (15, 16) , the full-length of cDNA clone HTD2B5 was isolated to potentially encode an immunoglobulin (Ig) superfamily (IgSF) protein with an Ig-like domain, sharing homology with huHAVcr-1 and may function as novel membrane receptor, which can facilitate HAV entry into target cells. The sequence of human Tim-3 was deposited in GenBank on April 3, 2000, with acc. no.: AF251707. During our investigation, the sequence of human Tim-3, an identical molecule was reported (13) with no functional description, which was deposited in GenBank on February 11, 2002 .
Northern blot analysis. Northern blot filter containing human poly(A) + RNA (2 μg/lane) from various tissues was purchased from BD Clontech. The SalI/NotI fragment of human Tim-3 cDNA was used as templates for probe synthesis. The filters were hybridized with the 32 P-labeled human Tim-3 cDNA probe in ExpressHyb hybridization solution (BD Clontech) according to the manufacturer's instructions. The filter was re-probed with a human ß-actin cDNA probe.
RT-PCR analysis. Total cellular RNA extraction and first strand cDNA synthesis was performed as described previously (16) . RT-PCR with human Tim-3 primer 5' AGCTCCATGT TTTCACATCTTCC (sense) and 5' TGGTTGGATCTATG GCATTGC (antisense) were performed using Exo Taq polymerase (Takara). Synthesis of cDNA was checked by ß-actin amplification. The amplification products were resolved on 2% agarose gel.
Expression of GST fusion protein and generation of polyclonal antibody against human Tim-3.
The cDNA encoding the N-terminal first 180 residues of human Tim-3 was cloned into the prokaryotic expression vector pGEX-2T (Pharmacia, Piscataway, NJ) for GST fusion protein expression. The soluble GST-Tim-3 fusion protein expressed in E. coli BL21 was affinity-purified with glutathione Sepharose 4B (Pierce, Rockford, IL). Polyclonal antibody to recombinant human Tim-3 (anti-Tim-3) was raised in rabbits immunized with the purified GST-Tim-3 fusion protein.
Plasmid construction and cell transfection.
To generate a human Tim-3 mammalian expression vector, the code region of human Tim-3 was inserted into pcDNA3.1/myc-His (-)B vector (Invitrogen). The human Tim-3 expression vector and the mock vector pcDNA3.1/myc-His (-)B were transfected into HeLa cells using Lipofectamine reagent (Invitrogen) according to the manufacturer's instructions. After 2 weeks of screening in the presence of 800 μg/ml G418 (Calbiochem, La Jolla, CA), stably transfected clone designated HeLa-Tim-3 and HeLa-mock was obtained, and the expression of human Tim-3 protein was confirmed by Western blot analysis.
Western blot analysis. HeLa-Tim-3 and HeLa-mock transfectants were harvested and lyzed with cell lysis buffer (Cell Signaling) containing PMSF (100 μg/ml) and aprotinin (1 μg/ ml). An equal amount of whole lysates were separated on SDS-PAGE and transferred onto a nitrocellulose membrane (Amersham). For detection of human Tim-3 protein, blots were probed for 1 h with anti-Tim-3 polyclonal antibody and then incubated with horseradish peroxidase (HRP)-conjugated anti-rabbit IgG (Santa Cruz). The proteins were visualized using Chemiluminescence luminol reagent (Santa Cruz).
Preparation of HAV.
Most wild-type strains of HAV do not grow in cell culture; however, attenuated variants that grow efficiently in primate cell culture have been isolated on serial passaging of the virus. Strain H2 (17, 18) , an attenuated live hepatitis A virus was derived from the fecal specimen of a patient with hepatitis, after isolation, to grow in human lung diploid cells (KMB17) at a low temperature. Viral stock was prepared as follows. Fresh KMB17 cells were infected with a multiplicity of infection of HAV or not, incubated for 28 days at 35˚C, 5% CO 2 incubator. Cells were scrapped with phosphate-buffered saline (PBS), pelleted, and re-suspended in cell lysis buffer (10 mM NaCl, 10 mM Tris-Cl, pH 7.4, 1% NP 40). Supernatants containing cytoplasmic extracts were obtained by centrifugation at 12000 g, 5 min and used as viral stock after titration of >10 8 . Non-infected cell lysis supernatants were used as mock infectant in HAV infectivity assay.
HAV infectivity assay. HeLa and KMB17 cells (as positive control) grown in six-well culture plates to 80% confluency were infected with 10 7 -10 8 TCID of HAV H 2 strain or mock infectant for 6 h at 35˚C under 5% CO 2 . After being washed 3 times, cells were incubated for 3 or 7 days at 35˚C under 5% CO 2 . HAV within the infected cells was released by 3 freezethaw cycles, cell debris was separated by centrifugation at 12000 g, 2 min, and the supernatants were collected for the next analysis. For HAV detection by ELISA, PVC plates were coated with goat anti-human IgM μ-chain-specific Ab and incubated with human anti-HAV serum. Then the collected cell lysis supernatants was added and incubated for 18-22 h, washed extensively with PBS, and treated with human HRP-labeled anti-HAV Ab for 2 h. The reaction was visualized with tetramethyl-benzidine (TMB) substrate and absorbance at 595 nm was determined in an ELISA reader (Bio-Rad).
Expression of soluble eTim-3-Fc fusion protein. Coding regions of the extracellular domain of human Tim-3 and human IgG1
Fc fragment were cloned in frame into pcDNA3.1/mic-His (-)B for expression of the secreted human extracellular Tim-3-Fc fusion protein (eTim-3-Fc). COS7 cells were transfected with Lipofectamine, the culture supernatant was harvested 48 h post-transfection, and the soluble eTim-3-Fc fusion protein was purified using Affi-Gel protein A-agarose columns (BioRad, Hercules, CA).
HAV-binding assay of eTim-3-Fc fusion protein.
For binding assays, different amounts of purified eTim-3-Fc, CTLA4-Fc, human IgG or human HAV IgM were bound to protein ATrisacryl beads (Pierce) in PBS containing 2% ovalbumin (Sigma). Purified HAV viral stock was added and the mixture was incubated with rotation overnight at 4˚C. After 3 PBS washings at 4˚C, HAV-bound beads were identified by Western blot analysis using anti-HAV IgG polyclonal antibody. database revealed that it significantly identical to a Tim (T-cell immunoglobulin-and mucin-domain-containing molecule) family member, human Tim-3 with no descriptions of expression pattern and functions (13) . It also resembles other Tim proteins, such as human hepatitis A virus cellular receptor-1 (HuHAVcr-1/Tim-1, Fig. 1 ), mouse Tim-1, mouse HAVcr-2/Tim-3 (13), and rat kidney injury molecule (Kim-1). To a lesser extent, it is also related to human coxsackievirusadenovirus receptor (data not shown).
Results

Identification and sequence analysis of human
This protein has the features of typical type I transmembrane protein. It is composed of an N-terminal 22-residue signal peptide, an extracellular domain of 182 residues, a 21-residue transmembrane domain, and a 68-residue cytoplasmic region. The extracellular domain consists of an N-terminal cysteine-rich (Cys-rich) region (102 residues) followed by a threonine-, serine-, and proline-rich (TSP-rich) region (73 residues) that contains 37% serine and threonine residues. The Cys-rich region displays great homology to members of the immunoglobulin (Ig) superfamily (IgSF), and the TSP-rich region has the characteristics of mucin-like glycoproteins, just like those in HuHAVcr-1 and HAVcr-1. There are 2 N-glycosylation sites in the extracellular domain. The mucin domain has been proposed to function as a structural domain to present/expose adjacent domains, i.e. it could function to expose the Ig domain well above the plasma membrane as suggested by the 'lollipop on a stick' model (19) . As in HuHAVcr-1, six conserved Cys residues were found in its Cys-rich NH2-terminal Ig-like domain, which are thought to be required for the binding of HAV of HuHAVcr-1 (Fig. 1) . One conserved Cys residue (Cys210) was also found within its transmembrane domain, which is possibly used for the addition of fatty acids for stabilizing the receptor attachment to membrane. The cytoplasmic region contained six tyrosines, one of which is part of a tyrosine phosphorylation motif (RSEENIY). The sequence of human Tim-3 was deposited in GenBank with acc. no.: AF251707. Analysis for human Tim-3 mRNA expression. The mRNA expression of human Tim-3 in normal human tissues was determined by Northern blot analysis ( Fig. 2A) . Three transcripts of human Tim-3 were present on Clontech MTN blots. The most ubiquitously expressed was the 2.2-kb transcript, present in all the tissues detected except small intestine, including brain, heart, skeletal muscle, colon, thymus, spleen, kidney, liver, placenta, lung and peripheral blood leukocyte, with the highest expression level in kidney. This 2.2-kb transcript is coherent with the length of human Tim-3 cDNA sequence. A more weaker 7.0-kb transcript was expressed in colon and thymus and a 1.0-kb transcript was seen only in placenta. This mRNA expression pattern of human Tim-3 in normal human tissues was very similar to that of HuHAVcr-1, in which huHAVcr-1 was expressed in nearly every organ analyzed and expressed at higher levels in the kidney than in other organs.
We also examined its cellular distribution by RT-PCR analysis in various hematopoietic cells or cell lines. As shown in Fig. 2B , human Tim-3 mRNA was expressed in THP-1 (myelomonocytic leukemia), U937 (monocytic leukemia), freshly isolated peripheral monocytes and PBMC-derived DC. The results indicated that human Tim-3 might be relatively highly expressed on monocytes or monocyte-derived cell lines. No expression was detected in any of the T cells or B cells (Fig. 2B) , which is consistent with the result that mouse Tim-3 is not or lowly expressed in naïve T or B cells (13) .
We further examined inducible expression of human Tim-3 mRNA expression in human monocyte-derived DC after different stimulations. It is well known that DC can be matured and activated upon ligation of TNF-·R, or Toll-like receptors. Upon stimulation by LPS, CpG, and TNF·, human Tim-3 expression was down-regulated significantly, but IFN-ß stimulation of DC shows no significant influence on expression of human Tim-3 (Fig. 2C) . Taken together, the results suggested that antigen-presenting cells such as DC expressed much less human Tim-3 undergoing maturation and activation.
HeLa cells acquire infectivity to HAV after transfection of human Tim-3. It has been shown that HeLa cells, a human Tim-3 mRNA negative cell line, are refractory to HAV infection, but acquire limited level of susceptibility to HAV after transfection of simian HAV receptor. Therefore, HeLa cells were used to analyze the HAV receptor function of human Tim-3. Mammalian expression vector of human Tim-3 was transfected into HeLa cells and a ~40 kDa protein was detected in the HeLa-Tim-3 transfectant, but not HeLa-mock transfectant by Western blot analysis using a polyclonal antibody against human Tim-3 (Fig. 3A) . We next infected monolayers of HeLa-Tim-3, HeLa-mock, parental HeLa and KMB17 cells (as positive control) with HAV or mock infectant. After 3 or 7 days of culture, HAV was released by 3 freeze-thaw cycles from infected cells and the released virus was tested by ELISA. As shown in Fig. 3B , at day 3, absorbance of HeLa-Tim-3 infected by HAV was much greater than that of HAV-infected HeLa-mock and parental HeLa cells, or mock infected cells (P<0.05). At day 7, the released virus in HAV-infected HeLa-Tim-3 cells was nearly 2 times more than that of HAV-infected HeLa-mock and HeLa cells (P<0.05). On the other hand, at day 3, the absorbance of HeLa-Tim-3 and KMB 17 have no significant difference; but at day 7, the absorbance of KMB 17 increased remarkably, and that of HeLa-Tim-3 increased only moderately, suggesting that the overexpression of human Tim-3 in HeLa cells makes the host cells susceptible to HAV infection, but it is very limited. It is possible that human Tim-3 functions as a membrane molecule helping HAV in binding and entering the HeLa cells.
eTim-3-Fc fusion protein cannot bind HAV directly.
We analyzed whether human Tim-3 would be a novel cellular receptor of HAV. The extracellular region of human Tim-3 was fused to Fc region of human IgG (eTim-3-Fc) and was expressed on COS7 cells. The fusion protein was purified by affinity chromtography using protein A-agarose column and was confirmed by Western blot analysis. A major 70-kD band, most probably representing a glycosylated form (Fig. 4A) was detected by anti-Fc and anti-Tim-3 probing.
For HAV-binding assay, purified eTim-3-Fc bound to protein A-Trisacryl beads was incubated with purified HAV. Beads bound to HAV were identified by Western blot analysis using anti-HAV antibody. Purified extracellular region of CTLA4 fused with IgG Fc region (CTLA4-Fc) and human IgG were used as negative controls, and HAV antigen- specific IgM was used as a positive control. As shown in Fig.  4B , no HAV was detected on eTim-3-Fc, CTLA4-Fc and the normal human IgG bound beads. However, strong band of HAV was detected bound to human anti-HAV IgM. Together with the fact that the overexpression of human Tim-3 makes the host cells susceptible to HAV infection, the results demonstrated that human Tim-3 does not have direct activity on HAV-binding, only helps HAV to enter the target cells.
Discussion
DCs constitute the major population of antigen-presenting cells and possess potent ability to initiate T cell immunity (20) . The surface receptors play an important role in DC functions, especially in capturing antigens, contacting with T cells (21, 22) . DCs play a central role during virus infections. They may distribute virus from peripheral entry sites towards lymphatic tissue; and infection of DC may pivotally result either in immunosuppression or in immune activation, depending on the cytopathic effect (CPE) of the virus. DCs are among the first cells encountered by viruses, and can be infected by viruses such as LCMV (23), Lassa fever virus (24, 25) , human cytomegalovirus (26) (27) (28) , Influenza virus (29), and Measles virus (30, 31) . Many of them can finish complete life cycles in DCs and also produce an infectious virus. Receptors of viruses on DCs have been identified; ·-dystroglycan (·-DG) was indentified as the receptor for LCMV (32) , and among the immune cells, ·-DG was primarily expressed on CD11c + and DEC-205 + splenic DC. Some surface molecules of DCs also can act as a viral receptor or coreceptor and are related with viral attachment and infection. DC-SIGN, a type-II membrane protein with a C-terminal C-type lectin domain, has been shown to be a specific and efficient HIV attachment factor (33) . The Ig superfamily member ICAM-1 (CD54), which was one of ligands for LFA-1 (CD11a), is expressed on DCs and is identified as a receptor of rhinovirus (34) . In this study, we identified human Tim-3, a Ig-like domain-containing IgSF member, from human DC, which shows significant homology with HuHAVcr-1/Tim-1 (35, 36) , mouse HAVcr-2/Tim-3, and rat Kim-1/Tim-1, all of which are cell surface glycoproteins with common structural motifs, including a signal peptide, Ig domain, mucin domain, transmembrane region and intracellular tail with phosphorylation sites. HuHAVcr-1, the human homologue of HAVcr-1, is a binding receptor as well as a functional receptor for HAV (9) . Therefore, we wondered if any relationship exists between HAV infection and this DC surface membrane receptor.
Function of human Tim-3 was analyzed by an infectivity assay. We infected monolayers of human Tim-3-overexpressing HeLa cells (HeLa-Tim-3) with HAV. After 3 or 7 days of culture, HAV released by host cells were tested. We showed that HAV inoculation of HeLa cell transfectants expressing human Tim-3 resulted in increased release of HAV, which lasted at least 7 days, indicating that the HeLa cell transfectants gained a limited level of susceptibility to HAV infection. Thus, the human Tim-3 might function as a membrane molecule that can help HAV enter the HeLa cells. We analyzed whether human Tim-3 would be a novel cellular receptor of HAV, mediating the HAV-binding directly. The eTim-3-Fc fusion protein was prepared for binding with HAV. Our results showed that HAV did not bind directly to eTim-3-Fc, nor did the negative control (CTLA4-Fc and the normal human immunoglobulins). However, HAV bound strongly to the human anti-HAV IgM, which showed that the human anti-HAV Ab specifically detected the HAV antigen, suggesting that eTim-3-Fc did not have direct HAV-binding activity. These lines of evidence strongly suggested that, even if it can promote HAV entry into target cells, human Tim-3 itself cannot function as a cellular receptor of HAV. It has been shown that the Cys-rich Ig-like region of HuHAVcr-1 and its first N-glycosylation site are required for the binding of HAV and certain protective MAb (37) . For Tim-3, although it contained the Cys-rich Ig-like domain, the conserved Nglycosylation site was absent, which might partly explain the lack of receptor function of human Tim-3.
The family of T-cell immunoglobulin domain and mucin domain (Tim) proteins was identified with common structural motifs (12) . HuHAVcr-1/Tim-1 was considered as a membrane protein that is associated with the development of Th2 biased immune responses and may be selectively expressed on Th2 cell (12, 38) . Kumanogoh et al reported that mouse Tim-2 interacts with the class IV semaphorin Sema4A, which enhances the activation and differentiation of T cells (39) . A study on mouse HAVcr-2/Tim-3 demonstrated that it could regulate macrophage activation and/or function and may have an important role in the induction of autoimmune diseases (13) . Others provided the hypothesis that the interaction of mouse Tim-3 and its ligand may be an inhibitory one, serving to limit the expansion of Th1 cell populations and contribute to induction of tolerance of Th1 cells (40) . There is no previous study on the biological functions of human Tim-3, especially on the association with viral infection. We demonstrated that, except for Tim-1/HuHAVcr-1, human Tim-3 is related to HAV infection. Given that mouse HAVcr-2/Tim-3 was identified as a negative regulator of Th1 immune response, we can speculate that human Tim-3 might also transduct an inhibitory signal to the cells expressing them (e.g. DC and monocytes), facilitating HAV entry and resulting in suppression of DC and monocyte functions.
